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Among numerous inﬂammatory mediators a nitric oxide molecule is supposed to be important in the modulation of neutrophil
survival in vivo and in vitro. The eﬀect of exogenous supply of NO donors such as SNP, SIN-1, and GEA-3162 on the course of
human neutrophil apoptosis and the role of extracellular antioxidants in this process was investigated. Isolated from peripheral
blood, neutrophils were cultured in the presence or absence of NO donor compounds and antioxidants for 8, 12, and 20hours.
Apoptosis of neutrophils was determined in vitro by ﬂow cytometric analysis of cellular DNA content and Annexin V protein
binding to the cell surface. Exposure of human neutrophils to GEA-3162 and SIN-1 signiﬁcantly accelerates and enhances their
apoptosis in vitro in a time-dependent fashion. In the presence of SNP, intensiﬁcation of apoptosis has not been revealed until
12hours after the culture. The inhibition of GEA-3162- and SIN-1-mediated neutrophil apoptosis by superoxide dismutase (SOD)
but not by catalase (CAT) was observed. Our results show that SOD and CAT can protect neutrophils against NO-donors-induced
apoptosis and suggest that the interaction of NO and oxygen metabolites signals may determine the destructive or protective role of
NO donor compounds during apoptotic neutrophil death.
INTRODUCTION
Normal human neutrophils spontaneously undergo
apoptosis in vitro and in vivo after their migration from
the vascular compartment to the tissue. However, their
death by apoptosis can be triggered and accelerated or de-
layed by a number of diﬀerent extracellular or intracel-
lular stimuli including inﬂammatory mediators such as
cytokines, reactive oxygen species (ROS), and nitric ox-
ide (NO) [1, 2, 3, 4]. On the other hand activated neu-
trophils are a known source of ROS which are required
for killing invading microorganisms [5, 6]. The apoptotic
neutrophils are recognized and removed by macrophages
without liberating their toxic intracellular contents from
them [7, 8, 9, 10]. Control of the neutrophil apoptosis
process plays an important role in the resolution of acute
and chronic inﬂammation.
NO has been recognized as an important mediator
of various neutrophils activities including their chemo-
taxis, ROS generation and degranulation [11, 12, 13].
NO donors are pharmacologically active compounds
that liberate NO in vivo and in vitro. They diﬀer in
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their chemical structures, stability, and biological activ-
ity [14, 15]. Compounds such as sodium nitroprusside
(SNP) [16], 3-morpholinosydnonimine (SIN-1), a mol-
sidomine metabolite, and 3-aryl-substituted oxatriazole-
5-imine derivative, GEA-3162 [17], besides their eﬀect
on vascular smooth muscle cells, aﬀect circulating white
bloodcellsbyinhibitingadhesionandaggregationofneu-
trophils [18, 19]. The amount and duration of NO lib-
erated from the respective NO donors determine their
pharmacological properties and usefulness as drugs in the
therapy of patients with acute lung injury or coronary
heart disease [16]. Numerous experiments have demon-
strated the regulatory role of NO in apoptosis but the
mechanisms by which this molecule exerts its protective
or destructive role during apoptotic cell death still require
clariﬁcation.
The aim of this study was to investigate the eﬀect of
exogenous supply of SNP, SIN-1, and GEA-3162 on the
course of apoptosis in normal human neutrophils and the
role of extracellular antioxidants in this process.
MATERIALS AND METHODS
Reagents
1, 2, 3, 4-oxatriazolium-5-amino-3-(3,4-dichlorophe-
nyl)-chloride (GEA-3162) was from Alexis, Switzerland.82 Zoﬁa Sulowska et al 2005:2 (2005)
3-morpholinosydnonimine hydrochloride (SIN-1), sodi-
um nitroprusside (SNP), trypan blue, propidium iodide
(PI), superoxide dismutase (SOD), catalase (CAT), fetal
calf serum (FCS), 100U/mL of penicillin and 100µg/mL
of streptomycin, ethylenediaminetetraacetate (EDTA), ri-
bonuclease A (RNase A) were obtained from Sigma
(Sigma Chemical Co, St Louis, Mo). Phosphate-buﬀered
saline (PBS), RPMI 1640 were purchased from Biomed
(Lublin, Poland). Polymorphprep was obtained from Ny-
comed (Oslo, Norway). Annexin V/FITC Kit was pur-
chased from Bender MedSystems Diagnostics GmbH
(Vienna, Austria). Twenty-four-well ﬂat-bottom plates
were from NUNC Brand Products (Denmark). May-
Gr¨ unwald-GiemsadyeswerepurchasedfromAQUAMED
(Lodz, Poland).
Cellpreparation
Neutrophils were isolated from heparinized periph-
eral blood collected from healthy donors using a one-
step density-gradient centrifugation on Polymorphprep
at 450×g at room temperature for 30minutes. The resid-
ual erythrocytes were removed from the cell population
by hypotonic lysis. The neutrophils were washed twice
and resuspended in PBS [20]. The cell suspensions were
stored in PBS at a concentration of 1 × 106/mL at 4◦C
and used within 2 hours. Cell purity (more than 98%)
and viability (more than 98 %) were determined by May-
Gr¨ unwald-Giemsa staining of cytocentrifuged samples
and by Trypan blue exclusion, respectively.
Informed consent was obtained from all donors. The
Local Ethical Committee accepted this study.
Cultureconditionsofnormalhumanneutrophils
Neutrophils were maintained in RPMI 1640 supple-
mented with 10% FCS and antibiotics: 100U of peni-
cillin and 100µg/mL of streptomycin. Two milliliters of
cellsuspension(1×106/mL)wereplacedin24-wellplates,
and duplicate conditions were cultured in humidiﬁed
atmosphere at 37◦Cw i t h5 %C O 2 for varying periods
of time as indicated. Neutrophil suspensions were incu-
bated in the absence (control cell samples) or presence of
10µM of GEA-3162, 1mM of SNP, and 1mM of SIN-1 in
the presence or not of exogenous CAT (1200U/mL) and
SOD (300U/mL). The cells were cultured for 8, 12, and
20hours and next washed once in PBS. Aliquots were re-
moved and used in assays of neutrophil apoptosis.
Flow cytometric detection of PMN apoptosis by mea-
surement of Annexin V (ANX-FITC) binding to cell sur-
face and analysis of cellular DNA content was performed
as described earlier [21].
Measurementofﬂuoresceinisothiocyanate-labeled
AnnexinV(ANX-FITC)bindingtocellsurface
The percentage of apoptotic neutrophils was deter-
mined using the binding of ANX-FITCprotein tocellsur-
face according to the manufacturer’s speciﬁcation. Brieﬂy,
speciﬁc binding of ANX-FITC was performed by incuba-
tion of cell suspension (1 × 105 cells) in 100µL of bind-
ing buﬀer with 2µL of ANX-FITC and 10µLo fP I( ﬁ n a l
concentration 1µg) for 25minutes in the dark at room
temperature. After incubation, cells were centrifuged and
analyzed using a FACScan ﬂow cytometer (Becton Dick-
inson, Heidelberg, Germany) equipped with Cell Quest
software for cells acquisition and data analysis.
AnalysisofDNAcontentbyPIstaining
andﬂowcytometry
Brieﬂy, the PMNs (106/200µL) after washing with
PBS supplemented with 0.5mM EDTA were resuspended
in ice-cold 70% ethanol and stored at −20◦C for one to
two days. Then, neutrophils were treated with RNase A
(10µg/mL) and stained with 20µg/mL of PI. Cells were
held in the dark at room temperature for 15minutes and
then stored at 4◦C until ﬂow cytometric analysis. The ﬂu-
orescence of individual nuclei was measured using Cell
Quest software for cell acquisition and data analysis. The
percentage of cells with apoptotic nuclei (located as a hy-
podiploid DNA peak in the DNA ﬂuorescence histogram)
was calculated.
Statisticalanalysis
The results are expressed as means ± standard de-
viations (SD) of at least 5 independent experiments
carried out with neutrophils from diﬀerent individuals.
Evaluation of statistical signiﬁcance was performed by
Wilcoxon’s signed rank test. The value P ≤ .05 was con-
sidered signiﬁcant.
RESULTS
The nitrite generation from structurally distinct NO
donors was measured using Griess reagent as described
earlier [22] and on the basis of these data the doses of NO
donors were calculated and used in all subsequent exper-
iments. The eﬀect of NO donors on ROS production by
neutrophils was also described earlier [22]. The percent-
age of apoptotic neutrophils in a culture treated with NO
donors evaluated by ﬂow cytometry is shown in Figure
1. The data are presented as the mean of percentage of
the sum of cells binding Annexin V (ANX-FITC+PI− and
ANX-FITC+PI+). Exposure of human neutrophils to ex-
ogenous NO donors such as GEA-3162 and SIN-1 signiﬁ-
cantly accelerates and enhances their apoptosis in vitro in
a time-dependent fashion. In the presence of SNP the at-
tenuation of neutrophil apoptosis was noted after 8hours
ofculture,however,smallbutsigniﬁcantintensiﬁcationof
apoptosis was observed after 12hours of neutrophil cul-
ture. The similar course of neutrophil apoptosis in the
presence of NO donors was conﬁrmed by evaluation of
cellular DNA staining as a second marker of apoptosis
[23]( Figure 2). The comparative analysis of cell apop-
tosis after 8 and 12hours of cultures evaluated by cellu-
lar DNA content and ANX-FITC binding and PI stain-
ing in the same sample of neutrophil cultures is presented2005:2 (2005) Apoptosis of NO-Donors-Treated Human Neutrophils 83
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Figure 1. Eﬀect of NO donors on neutrophil apoptosis in vitro
measured by ANX-FITC and PI binding. Neutrophils (1 × 106
cells) were incubated in the absence (control cell samples) (open
bars) or presence of 10µM of GEA-3162, 1mM of SNP, and
1mMofSIN-1at37 ◦C (closed bars) for 8, 12, and 20hours and
apoptosis was determined as described in “materials and meth-
ods.” Data are given as means and SD percentages of the sum of
cells binding ANX-FITC+PI− and ANX-FITC+PI+ for 9 sepa-
rateexperiments.Statisticalsigniﬁcance:neutrophilsversusneu-
trophils with nitric oxide donors (∗ denotes that P ≤ .005, ∗∗
denotes that P ≤ .05).
in Table 1. This analysis allows to show the presence of
neutrophils in diﬀerent stages of apoptosis [24, 25]. In
the presence of GEA-3162 and SIN-1 but not SNP in the
culture medium, the cells expressing phosphatidylserine
(PS) at the plasma membrane and binding Annexin V (an
early stage of apoptosis) are dominated in the ﬁrst 8hours
of cultures. These changes at the plasma membrane in
SNP-treated neutrophils were not revealed until 12hours
after the culture. To eliminate the release of superoxide
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Figure 2. Eﬀect of nitric oxide donors on neutrophil apoptosis
in vitro measured by DNA content. Neutrophils (1 × 106 cells)
were incubated at 37◦C with indicated stimuli (closed bars) or
in the medium (open bars) for 8, 12, and 20hours and apop-
tosis was determined as described in “materials and methods.”
Data are presented as the means and SD percentages of cells
with apoptotic nuclei. Values are statistically signiﬁcant: neu-
trophils versus neutrophils with nitric oxide donors (∗ denotes
that P = .003, ∗∗ denotes that P = .002).
radicals from the cells environment to extracellular me-
dia and prevent the formation of ROS and other deriva-
tives during NO donors decomposition, the antioxidants
such as SOD and CAT were added to neutrophils cul-
ture and neutrophil survival in vitro was investigated. As
shown in Table 2, the presence of SOD (300U/mL) in the
culture media markedly inhibited the spontaneous neu-
trophil apoptosis. The addition of SOD to the culture me-
dia signiﬁcantly reduced GEA-3162- and SIN-1-induced
neutrophil apoptosis after 8hours of culture, however,
this eﬀect of SOD was not observed after 20hours of cul-
ture. In contrast, presence of SOD did not modify the
SNP-mediated neutrophil apoptosis at the same time of
culture. As presented in Table 3 the addition of CAT to
the culture of neutrophils treated with SNP caused a sig-
niﬁcant decrease in the cells binding ANX-FITC and PI
after 8hours and 20hours of culture.84 Zoﬁa Sulowska et al 2005:2 (2005)
Table 1. Comparative analysis of apoptosis evaluated by ANX-FITC binding and cellular DNA content in the same sample of neu-
trophil culture. Neutrophils (1×106 cells) were incubated with the indicated stimuli for 8 and 12hours and apoptosis was determined
as described in “materials and methods.” Results are given as means and SD percentages of apoptotic cells for 6 separate experiments.
Statistical signiﬁcance: neutrophils versus neutrophils with NO donors (∗ denotes that P ≤ .05; ∗∗ denotes that P = .027).
Agents
%o fA N X - F I T C + P I − and ANX-FITC+PI+ cells %o fc e l l sw i t ha p o p t o t i cn u c l e i
Time of neutrophils culture Time of neutrophils culture
8h 12h 8h 12h
Medium 28 ±85 7 ±11 23 ±74 9 ±17
GEA-3162 51 ±1∗∗ 73 ±2∗ 24 ±46 1 ±21∗∗
Medium 23 ±84 8 ±8 15 ±61 7 ±6
SIN-1 62 ±15∗∗ 78 ±5∗∗ 24 ±7∗ 29 ±13∗
SNP 23 ±65 5 ±12∗ 15 ±12 7 ±8∗∗
Table 2. Eﬀect of exogenous superoxide dismutase (SOD) on apoptosis of neutrophils nontreated and treated by NO donors in vitro
measured by ANX-FITC and PI binding. Neutrophils (1×106 cells) were incubated at 37◦C with the indicated stimuli in the presence
of SOD (300U/mL) or not for 8 and 20hours and apoptosis was determined as described in “materials and methods.” Results are
given as means and SD percentages of the sum of cells binding ANX-FITC+PI− and ANX-FITC+PI+ for 6 separate experiments.
Statistical signiﬁcance: ∗∗ denotes neutrophils with SOD versus neutrophils with GEA-3162, SIN-1 (P ≤ .05); ∗ denotes neutrophils
with GEA-3162+SOD and with SIN-1+SOD versus neutrophils with GEA-3162 and SIN-1, respectively (P ≤ .05). nd means no data.
Agents
%o fA N X - F I T C + P I − and ANX-FITC+PI+ cells
Time of culture
8h 12h
SOD 15 ±34 2 ±17
GEA-3162 51 ±9∗∗ 90 ±3∗∗
GEA-3162+SOD 38 ±13∗ 84 ±3
SIN-1 82 ±13∗∗ 88 ±6∗∗
SIN-1+SOD 65 ±10∗ 84 ±4
SNP 23 ±6n d
SNP+SOD 26 ±7n d
DISCUSSION
To study the apoptotic process in time we used two
ﬂow cytometric methods: PS translocation by Annexin V
binding and DNA fragmentation by PI staining. In Fig-
ures1 and 2 the eﬀectof NO donors on neutrophils apop-
tosis regarding the diﬀerent time of cultures (measured
by Annexin V and PI binding or DNA fragmentation) is
shown. This set of experiments was carried out on neu-
trophils derived from diﬀerent blood donors. In Table
1, by comparison of these two cytometric methods, we
present the analysis of the kinetics of diﬀerent features
of apoptosis of neutrophils treated by NO donors. Be-
cause PS translocation precedes endonuclease activation
and DNA fragmentation we compare the detection of dif-
ferent stages of neutrophils apoptosis in the same sample
ofcellculture.PStranslocationisfollowedrapidly(within
1–2hours) by nucleosomal DNA fragmentation and for
this reason we limited time points of detection to 8 and
12hours.
All the three compounds studied liberate NO during
its decomposition in an aqueous solution in vitro in a
dose- and time-dependent manner. GEA-3162, SNP, and
SIN-1diﬀerintheirtimeandamountofNOrelease,when
used in the same experiment conditions. We have shown
earlier that SNP released NO in the cell-free system; how-
ever, the presence of neutrophils enhanced its generation
[22]. They also diﬀe ri nan u m b e ro fo t h e rm e t a b o l i t e s ,
which arise during decomposition of a given compound
[26], some of them through spontaneous release of NO
simultaneously form a superoxide anion (·O2
−)[ 14]. It
waswelldocumentedthatsomeNOdonorsinanaqueous
solution form peroxynitrite (ONOO−) spontaneously as
well as from endogenous superoxide anion and liberated
NO. SIN-1 is the NO and superoxide anion donor and is
also regarded as ONOO− donor. Formation of ONOO−
in a solution of GEA-3162 has been also shown but its
amount was negligible as compared to SIN-1 [16, 17, 27].
We show here that the exposure of human neutrophils
to exogenous NO donors accelerates and enhances their
apoptosis in vitro in a time-dependent fashion. Our re-
sults are in accordance with other reports that NO is
able to trigger and accelerate the apoptosis in neutrophils
and in this way can modulate the course of inﬂamma-
tion [28, 29, 30, 31, 32]. The analysis of the course of
neutrophil apoptosis conﬁrms the hypotheses of Taylor
et al that diﬀerent compounds depending on the mech-
anisms of NO liberation exert diﬀerential eﬀects on apop-
totic events [33, 34].2005:2 (2005) Apoptosis of NO-Donors-Treated Human Neutrophils 85
Table 3. Eﬀect of exogenous catalase (CAT) on apoptosis of neutrophils nontreated and treated by NO donors in vitro, measured by
ANX-FITC and PI binding. Neutrophils (1×106 cells) were incubated with the indicated stimuli in the presence of CAT (1200U/mL)
or not for 8 and 20hours and apoptosis was determined as described in “materials and methods.” Results are given as means and
SD percentages of the sum of cells binding ANX-FITC+PI− and ANX-FITC+PI+ for 6 separate experiments. Statistical signiﬁcance:
∗∗ denotes neutrophils with CAT versus neutrophils with NO donors, ∗ denotes neutrophils with SNP versus neutrophils with
SNP+CAT (P ≤ .05).
Agents
%o fA N X - F I T C + P I − and ANX-FITC+PI+ cells
Time of culture
8h 20h
CAT 19 ±53 3 ±10∗∗
GEA-3162 73 ±7∗∗ 79 ±5∗∗
GEA-3162+CAT 71 ±10 71 ±13
SIN-1 67 ±10∗∗ 76 ±12∗∗
SIN-1+CAT 65 ±87 0 ±18
SNP 44 ±16 57 ±9
SNP+CAT 26 ±7∗ 40 ±15∗
The data presented in Tables 2 and 3 are derived from
separate set experiments which were conducted during a
few months and carried out on neutrophils derived from
diﬀerent healthy subjects. The discrepancy between the
data given in Tables 2 and 3 is most likely due to neu-
trophil donors and their ability to undergo apoptosis as
well as the time (season) of blood sample collecting. Ward
et al [30] also noticed some variability in the levels of in-
duction of apoptosis between experiments which, accord-
ing to them, was mainly due to donor variations. The in-
ﬂuence of season on immune cells function is considered
and discussed. The susceptibility and reactivity of circu-
lating blood cells varies at diﬀerent stages of their circa-
dian and seasonal (circannual) rhythms. Seasonal varia-
tions in the function of blood cells were observed and
it was documented by others that cells collected in au-
tumn were more active than those sampled in spring
[35, 36, 37]. We also observed the diﬀerences in neu-
trophils response to the stimuli dependently on the sea-
son of blood collecting and individual variations in the
rate of response of neutrophils to exogenous stimuli were
also noticed by us.
Many external stimuli that lead to neutrophil apop-
tosis also induce these cells to the generation of reactive
species. ROS are known intracellular mediators of neu-
trophil apoptosis [3, 38, 39, 40]. We found earlier that
neither SNP nor SIN-1 and GEA-3162 alone induce ·O
−
2
generation in human neutrophils [22]. However, these
results cannot exclude the possibility that ROS released
from neutrophils to the surrounding milieu during their
long-term culturing in vitro may promote their death
by apoptosis. Exogenously added SOD and CAT are cell
membrane impermeable scavengers and are thus suitable
as inhibitors of oxidative metabolites release to the ex-
tracellular media. Others and we have demonstrated that
SOD and CAT have a protective role against the induc-
tion of neutrophil apoptosis [4, 39, 40, 41]. We exam-
ined the involvement of these antioxidants in neutrophil
apoptosis induced by NO donor compounds. In our sys-
temSODattenuatedtheapoptosisofnontreatedandNO-
donor-treated neutrophils. The inhibition of GEA-3162-
and SIN-1-mediated neutrophil apoptosis by SOD sug-
gests that superoxide anion generated during SIN-1 and
GEA-3162 decomposition contributes to the apoptotic ef-
fect of NO donors. However, it cannot be excluded that
peroxynitrite which is also formed during the donor de-
composition participates in cell death. In contrast, neu-
trophil apoptosis in the presence of GEA-3162 and SIN-1
was not modiﬁed by the addition of CAT. In turn, the in-
hibition of neutrophil apoptosis by CAT in the presence
of SNP suggests that the apoptotic eﬀect was dependent
on the release of H2O2 from cells rather than on SNP ac-
tion. The eﬀect of exogenously supplied antioxidants on
thecourseofapoptosis processinNO-donor-treatedneu-
trophils demonstrates the presence of ROS that can ap-
pear during NO compound decomposition or/and long-
term neutrophil culturing and their involvement in apop-
totic cells death. Our results show that SOD and CAT can
protect neutrophils against NO-donor-induced apoptosis
and suggest that the interaction of NO and ROS signals
may determine the destructive or protective role of NO
donor compounds during apoptotic neutrophil death. It
is not clear whether the protection was mediated directly
bythescavengingofsuperoxideanionorindirectlybyreg-
ulating some other signal transduction pathway.
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